Harper JN, Wright SH. Multiple mechanisms of ligand interaction with the human organic cation transporter, OCT2. Am J Physiol Renal Physiol 304: F56 -F67, 2013. First published October 3, 2012 doi:10.1152/ajprenal.00486.2012.-OCT2 is the entry step for organic cation (OC) secretion by renal proximal tubules. Although many drugs inhibit OCT2 activity, neither the mechanistic basis of their inhibition nor their transport status is generally known. Using representatives of several structural classes of OCT2-inhibitory ligands described recently (Kido Y, Matsson P, Giacomini KM. J Med Chem 54: 4548 -4558, 2011), we determined the kinetic basis of their inhibition of 1-methyl-4-phenylpyridinium (MPP) transport into Chinese hamster ovary cells that stably expressed hOCT2. The "cluster II" inhibitors (which contain known OCT2 substrates) metformin and cimetidine interacted competitively with MPP. However, other cluster II compounds, including tetraethylammonium (TEA), diphenidol and phenyltoloxamine, were mixed-type inhibitors of MPP transport (i.e., decreasing J max and increasing Kt). A cluster III (neutral steroid) representative, adrenosterone, and a cluster I (large, flexible cation) representative, carvedilol, displayed noncompetitive inhibitory profiles. Competitive counterflow (CCF) was used to determine whether the inhibitory ligands served as substrates of hOCT2. Carvedilol (cluster I) and adrenosterone (cluster III) did not support CCF, consistent with the prediction that members of these structural classes are likely to be nontransported inhibitors of OCT2. The cluster II representatives MPP, metformin, cimetidine, and TEA all supported CCF, consistent with independent assessments of their OCT2-mediated transport. However, the other cluster II representatives, diphenidol and phenyltoloxamine, failed to support CCF, suggesting that neither compound is transported by OCT2. An independent assessment of diphenidol transport (using liquid chromatography with tandem mass spectroscopy) confirmed this observation. The results underscore the caution required for development of predictive models of ligand interaction with multidrug transporters. transport; proximal tubule; organic cation; multidrug IN A RECENT ASSESSMENT OF the physicochemical determinants of renal drug clearance (51), the kidney was found to contribute Ͼ50% of total body clearance for Ͼ30% of the ϳ400 compounds surveyed. Renal secretion, mediated principally by proximal tubule cells, plays a central role in this process, a hallmark of which is the structurally diverse array of both exogenous (xenobiotic), and endogenous, organic compounds it handles (43). A consequence of the structural diversity of ligand interaction that is a functional hallmark of a comparatively small set of "multidrug" transport processes is the high probability of unwanted drug-drug-interactions (DDIs) at the point of renal secretion, interactions that can significantly influence a drug's clinical or toxicological profile. In addition, inhibition of renal drug transport can influence drug accumulation within the kidney, thereby contributing to the nephrotoxic impact associated with use of some pharmaceutical agents. Unwanted DDIs are typically detrimental, so predicting and, ideally, preempting their occurrence is a major focus of current work on renal drug transport.
IN A RECENT ASSESSMENT OF the physicochemical determinants of renal drug clearance (51) , the kidney was found to contribute Ͼ50% of total body clearance for Ͼ30% of the ϳ400 compounds surveyed. Renal secretion, mediated principally by proximal tubule cells, plays a central role in this process, a hallmark of which is the structurally diverse array of both exogenous (xenobiotic), and endogenous, organic compounds it handles (43) . A consequence of the structural diversity of ligand interaction that is a functional hallmark of a comparatively small set of "multidrug" transport processes is the high probability of unwanted drug-drug-interactions (DDIs) at the point of renal secretion, interactions that can significantly influence a drug's clinical or toxicological profile. In addition, inhibition of renal drug transport can influence drug accumulation within the kidney, thereby contributing to the nephrotoxic impact associated with use of some pharmaceutical agents. Unwanted DDIs are typically detrimental, so predicting and, ideally, preempting their occurrence is a major focus of current work on renal drug transport.
Our focus is on the role of organic cation transporter 2 (OCT2; SLC22A2) in renal drug secretion. Approximately 40% of prescribed drugs carry a net positive charge at or near physiological pH (1) and, so, are collectively referred to as "organic cations" (OCs), and the mechanism of OC secretion by renal proximal tubule cells has received considerable attention. The basic cellular model of renal OC secretion in renal proximal tubule (RPT) cells, proposed first by Holohan and Ross (45) , includes the sequential activity of 1) a basolateral "entry step," from blood to cell, that involves an electrogenic organic cation transporter; and 2) an apical "exit step," from cell to tubular filtrate mediated by electroneutral OC/H ϩ exchange. Following the cloning of a series of electrogenic organic cation transporters (19, 23, 40) , there is now broad consensus that, in the human kidney, the basolateral step in this process is dominated by activity of OCT2 (36, 43) .
The increasing attention given to the clinical impact of unwanted DDIs has lead to development of several predictive models of ligand interaction with OCT2 (24, 49, 56) and its hepatic homolog, OCT1 (1, 6, 35) . All of these studies correlated inhibition of OCT-mediated transport produced by sets of test ligands with various structural and/or physicochemical descriptors of the inhibitory agents, as the basis for development of two dimensional (2D)-or 3D-quantitative structure activity relationships (QSARs) of ligand/transporter interaction. Although details vary, 2D-QSARs for both OCTs consistently show that inhibitory effectiveness is correlated with 1) cationic charge and 2) various measures of ligand lipophilicity; and 3D-QSARs ("pharmacophores") generally include a "cationic feature," one or more "hydrophobes," and, frequently, one or more hydrogen bond donor/acceptor features. In the most extensive study of ligand interaction with OCT2 to date, Kido et al. (24) screened 900 compounds and the effective inhibitors of transport (244 compounds) were distributed into 3 structural classes, referred to as "clusters," based on selected molecular properties. Cluster I inhibitors are generally long, flexible cations; cluster II inhibitors are smaller, globular, cations and, interestingly, included the known substrates of OCT2; and cluster III inhibitors are noncharged heterotypic ring structures (including many sterols).
Despite the increase in understanding of physical and structural factors that influence ligand interaction with the OCTs, the work to date has largely overlooked two issues we suggest are central to understanding the molecular basis of OCT activity and successful development of predictive models of their influence on OC clearance. Specifically, existing studies have largely ignored 1) the mechanistic/kinetic basis of observed inhibition of OCT transport activity and 2) whether an inhibitory ligand is itself a transported substrate. The first of these issues is central to development of pharmacophores that reflect the possibility, frequently alluded to but not directly addressed, that OCTs may have multiple binding sites and that substrates and inhibitors may interact with one or more of these sites, perhaps simultaneously (e.g., Refs. 15 and 34). There is a large extant literature on ligand interaction with OCTs (see Ref. 39 for a thorough review of these data). Unfortunately, large variability in quantitative data, even from studies examining the same substrates/inhibitors using similar (if not identical) experimental systems, precludes any effort to draw broad conclusions about the kinetic basis of OCT/ligand interactions.
The second issue noted above, i.e., the need to understand the structural basis of ligand interaction that can result in successful transport, is critical to development of "physiologically based pharmacokinetic models." Whereas hundreds of compounds have been shown to inhibit OCT transport activity (e.g., Refs. 1 and 24), evidence for transport is limited to fewer than 30 compounds (39, 46) .
The present study provides an initial examination of both of these issues for human OCT2. Within the structurally diverse set of compounds studied, which included representatives of the three structural classes of OCT2 inhibitors defined by Kido et al. (24) , examples of "competitive," "noncompetitive," and "mixed-type" inhibition were noted. We also describe a method, "competitive counterflow" (CCF), that distinguished between nontransported inhibitors and those that also serve as transported substrates of OCT2.
MATERIALS AND METHODS

Reagents
Chinese hamster ovary (CHO) cells containing a single integrated Flp recombination target site (CHO Flp-In), Flp recombinase expression plasmid (pOG44), platinum high-fidelity DNA polymerase, hygromyosin, zeocin, and mammalian expression vector pcDNA5/FRT/ V5-His TOPO were acquired from Invitrogen (Carlsbad, CA). Ham's F-12 Nutrient Mixture, 1-methyl-4-phenylpyridinium (MPP), cimetidine, tetraethyl ammonium chloride (TEA), imipramine hydrochloride, pyrimethamine, adrenosterone, carvedilol, and phenyltoloxamine were obtained from Sigma-Aldrich (St. Louis, MO). Metformin was obtained from AK Scientific (Mountain View, CA). Tacrine hydrochloride was obtained from Cayman Chemical (Ann Arbor, MI). Diphenidol hydrochloride was obtained from Santa Cruz Biotechnology (Santa Cruz, CA). N,N,N-trimethyl-2-[methyl (7-nitrobenzo[c] [l,2,5]oxadiazol-4-yl)amino]ethanaminium iodide (NBD-MTMA) and N1-ethylacridinium were synthesized by the Synthesis Core of the Southwest Environmental Health Sciences Center/Department of Chemistry at the University of Arizona (Tucson, AZ).
Cell Culture and Stable Expression of hOCT2
CHO cells containing the Flp recombination target site were grown in Ham's F-12 Nutrient Mixture with 10% fetal bovine serum and supplemented with 100 g/ml zeocin. Cells that stably expressed hOCT2 were prepared using methods described previously (42) . Briefly, cells (5 ϫ 10 6 ) were transfected by electroporation (BTX ECM 630, San Diego; 260 V with time constant of ϳ25 ms) with 10 g of salmon sperm, 18 g of pOG44, and 2 g of pcDNA5/FRT/ V5-His TOPO containing an OCT2 (hOCT2) construct. The CHO hOCT2 cells were grown and maintained under hygromycin pressure (100 g/ml) in plastic cell culture flasks at 37°C in a humidified atmosphere with 5% CO 2. Cells were passed every 3-4 days and seeded into 48-well plates at 550,000 cells/ml (24-h confluence) or 275,000 cells/ml (48-h confluence).
Transport Studies
CHO cells grown to confluence in 48-well plates were rinsed twice with Waymouth buffer (WB; 135 mM NaCl, 13 mM HEPES, 2.5 mM CaCl 2·2H2O, 1.2 mM MgCl2, 0.8 mM MgSO4·7H2O, 5 mM KCl, and 28 mM D-glucose). A loading buffer containing [ 3 H]MPP (80 Ci/ mmol; typically 10 -20 nM), plus the desired concentration of a test compound, was added to each well, removed after a set amount of time, and washed three times with cold WB to stop transport. The cells were then solubilized in 200 l of 0.5 N NaOH with 1% SDS/well and shaken for 15 min. The solubilized cells were neutralized with 100 l of 1 N HCl, and 250 l were placed in a scintillation vial. The radioactivity in each sample was determined using scintillation spectroscopy (Beckman model LS6000IC). Individual transport experiments were conducted in triplicate and typically repeated at least three times. Experiments were conducted using cells between passages 4 and 35 with no consistent difference in transport rates between earlier and later passages.
Mass Spectroscopy
Analyses were performed using a TSQ Quantum Ultra triplequadrupole mass spectrometer in conjunction with a Finnigan Surveyor Autosampler and Finnigan Surveyor quaternary HPLC pump (Thermo Finnigan, San Jose, CA).
Diphenidol. The method was adapted from that of MarcelinJimanez et al. (32) . The mass spectrometer was operated in the positive ionization mode using electrospray (ESI) ionization under the following conditions: spray voltage of 4,800 V, sheath gas (nitrogen) flow of 35 (arbitrary units), capillary temperature of 370°C with argon as the collision gas at a pressure of 0.8 mtorr. Detection used selective reaction monitoring (SRM), the parent mass/charge ratio for diphenidol was 310.2, and the fragment monitored was 292.3. The collision energy was 24 eV. HPLC separation was achieved using a Kinetex 2.6 C-18 50 ϫ 2.1-mm column (Phenomenex, Torrance, CA). Mobile phase A was 5:95 acetonitrile:water with 0.1% formic acid (vol/vol); mobile phase B was 95:5, acetonitrile:water with 0.1% formic acid (vol/vol). Mobile phase gradient was 80% A from 0 to 4 min, increasing to 100% B by 4.10 min, and maintaining 100% B until 8 min, followed by reequilibration at 80% A from 8.10 min until 12 min. Flow rate was 200 l/min, and injection volume was 5 l. Total analysis time was 12 min; diphenidol eluted at ϳ2.4 min.
Metformin. The mass spectrometer was operated in the positive ionization mode using atmospheric pressure chemical ionization (APCI) under the following conditions: spray voltage of 3,500 V, sheath gas (nitrogen) flow of 21 (arbitrary units), auxiliary gas (nitrogen) flow of 5, vaporizer temperature of 395°C, and capillary temperature of 200°C with argon as the collision gas at a pressure of 0.8 mtorr. Detection used SRM. The parent mass/charge ratio for metformin was 130.1, and the fragment monitored was 71.1. The collision energy was 33 eV. HPLC separation was achieved using a BDS HypersilCyano3 50 ϫ 4.6-mm column (Thermo Scientific, Bellefonte, PA). The mobile phase was 60:20:20, 10 mM ammonium acetate:acetonitrile:methanol (vol/vol), at a flow rate of 650 l/min, and injection volume was 20 l. Total analysis time was 5 min; metformin eluted at ϳ3.6 min.
Statistical Analysis
Data are expressed as means Ϯ SE, with calculations of SEs based on the number of separate experiments conducted on cells at a different passage number. One-way ANOVA was used to test the effect of multiple treatments and was followed by the StudentNewman-Keuls test for pairwise comparisons. Comparison of sample means was done using an unpaired Student's t-test. All statistical analyses were performed with Prism 5 (GraphPad Software, La Jolla, CA) or Excel 2007 (Microsoft, Redmond, WA) and deemed significant when P Ͻ 0.05.
RESULTS
Kinetics of MPP Transport
The hOCT2-mediated uptake of [ 3 H]MPP was linear for at least 90 s (data not shown), so 1-min uptakes were used for all subsequent studies of transport kinetics. To establish the kinetics of hOCT2-mediated MPP transport, the rate of transport of 12 nM [ 3 H]MPP into CHO cells that stably expressed the transporter was measured in the presence of increasing concentrations of unlabeled MPP (Fig. 1) . The relationship was adequately described by the Michaelis-Menten equation for competitive interaction of labeled and unlabeled substrate (31)
where 
Ligand Inhibition of hOCT2
Thirteen structurally diverse OCs ( Table 1) . The rationale for selection of these compounds varied: cimetidine, imipramine, and tacrine IC 50 values were reported by Kido et al. (24) in their study on ligand interaction with hOCT2; and carvedilol, diphenidol, phenyltoloxamine, and adrenosterone were cited as representatives of the three categories of OC structures they defined as OCT2 inhibitors. The remaining compounds were chosen either because of their use, either as substrates (metformin, TEA) (6, 25, 49) or inhibitors (pyrimethamine, corticosterone) (15, 27) in studies of OCT activity; or their use by us in previous studies of renal OC transport (N1-ethylacridinium, and NBD-MTMA) (7, 53) . Figure 3 shows the inhibitory kinetic profiles of several representative test agents: N1-ethylacridinium, tacrine, diphenidol, and metformin. For these (and all the other) compounds tested, uptake of [ 3 H]MPP was inhibited by increasing concentrations of the test agent, although the concentrations that inhibited 50% of the mediated (i.e., blockable) component of total MPP uptake (IC 50 ) varied from ϽϽ1 M to ϾϾ100 M (Table 1) , according to the relationship As we are about to discuss a more detailed view of the kinetic basis of ligand interaction with hOCT2, it is relevant to compare, where available, our results to those obtained by others using similar methods. Figure 4 plots the data presented in Table 1 , comparing the IC 50 values we obtained for inhibition of hOCT2-mediated MPP transport in CHO cells to those reported in other studies. We restricted the comparison to studies of expression of human OCT2 in cultured mammalian cells (typically HEK 293 cells) and indicate the identity of the transported substrate used as the measure of OCT2 activity. Using these selection criteria, we found comparable IC 50 data for 9 of our 13 test ligands, including 5 studies that used MPP as the transported substrate. In general, there was a strong correlation between the values we measured and those reported by others. We found it particularly intriguing that the correlation appeared strongest when limited to the IC 50 values that used MPP as the transported probe; the several IC 50 values obtained using ASP as the test probe were consistently lower than the values obtained using MPP. The correlation between our results, and the technical methods we employed, with those obtained by others lends credence, we suggest, to the data obtained in the more detailed kinetic analyses described below.
Kinetic Basis of Inhibition
The inhibitory profiles evident in Fig. 3 , and the IC 50 values reported in Table 1 , provided no insight by themselves into the mechanistic basis of the decreases in OCT2-mediated MPP transport produced by the test ligands; although consistent with "competition" between [ 3 H]MPP and the test agent, qualitatively similar profiles are expected if the interactions were noncompetitive, uncompetitive, or a "mixed type" (47) . To establish the kinetic basis of observed inhibition of hOCT2-mediated transport, we measured the kinetics of MPP uptake in the absence and presence of a fixed concentration of inhibitor equal to approximately two times its IC 50 value (Fig. 5) . Inhibition was considered competitive if its presence resulted (49) Means Ϯ SE values were determined in the present study using the methods outlined for the studies in Fig. 3 (each value is the mean of 3 separate experiments). TEA, tetraethylammonium. The IC50 values for inhibition of hOCT2 activity presented in the right-hand column were reported in the indicated references (in parentheses), and the superscripts refer to the human organic cation transporter 2 (hOCT2) substrate used to generate each value (note: all measurements reflect transport into cultured mammalian cells transfected with hOCT2). in an increase in the apparent K t for MPP transport but no change in J max . Moreover, because the inhibitor concentrations used were each about twice the measured IC 50 value, apparent K t values were expected to increase about threefold (47) . Based on these criteria, cimetidine's inhibition of OCT2-mediated MPP transport was competitive: in three experiments, the presence of 200 M cimetidine increased K t from 7.4 Ϯ 2.5 to 24.9 Ϯ 7.9 M (P Ͻ 0.01, n ϭ 6), while J max remained unchanged (8.6 Ϯ 4.9 vs. 11.4 Ϯ 4.1 pmol·cm
; Table 2 ). Metformin's inhibition of OCT2-mediated MPP transport also displayed a competitive profile (Table 2) . Carvedilol, in contrast, was a noncompetitive inhibitor of MPP transport, reducing the J max of transport from 16.7 Ϯ 4.3 to 3.8 Ϯ 3.7 pmol·cm Table  2 ). Adrenosterone produced a similar, noncompetitive inhibitory profile (Table 2) . Interestingly, TEA, a well-characterized substrate of OCT2 (e.g., Refs. 5 and 40), proved to be a mixed-type, rather than competitive, inhibitor of MPP transport; 500 M TEA produced a decrease in J max (from 10.6 Ϯ 2.5 to 5.8 Ϯ 1.1 pmol·cm Ϫ2 ·min Ϫ1 ; P Ͻ 0.05, n ϭ 3) and an increase in apparent K t (from 7.6 Ϯ 1.0 to 18.5 Ϯ 0.6 M; P Ͻ 0.01) (Fig. 5, Table 2 ). Diphenidol and phenyltoloxamine also produced mixed-type inhibitory profiles (Table 2) .
Indirect Assessment of Inhibitor Transport: Competitive Counterflow
Knowledge of the kinetic basis of ligand interaction with OCT2 cannot support conclusions on whether an inhibitor of transport is itself a transported substrate of OCT2. Addressing the issue of transport directly can be a challenge; unfortunately, most of the inhibitory ligands used in this (and other) studies are not routinely available in radiolabeled form (and custom syntheses can be prohibitively expensive). Furthermore, although the transport of most of these compounds, if not all, can be determined employing various other analytic methods (e.g., HPLC and/or mass spectroscopy), their use in a study attempt- ing to screen transport of a large number of ligands can also be prohibitively expensive (in both time and money). In light of these issues, we sought to develop a method that is both cost effective and yet still capable of providing information concerning the "transportability" of inhibitory ligands.
The approach we developed is a modification of methods introduced for the study of glucose transport in red cells by Rosenberg and Wilbrandt ("counterflow") (44) and Lacko and Burger ("competitive exchange diffusion") (28), as discussed by Stein (48) . We refer to the method as CCF as it combined elements of the aforementioned studies to determine whether two compounds share the same transport process. Briefly, cells expressing the transporter of interest (e.g., hOCT2) are allowed to accumulate a probe substrate to steady state. The cells are then rinsed of the extracellular solution and immediately exposed to an experimental solution containing either 1) the same concentration of the labeled substrate or 2) the same concentration of labeled substrate plus a test compound to determine whether the presence of the test compound stimulates efflux of the intracellular compound. In the first condition, cell content of the radiolabeled substrate should remain unchanged because the cells have already achieved a steady-state distribution arising from equal rates of substrate entry and exit. However, under the second condition, the presence of the extracellular inhibitory ligand reduces the rate of influx of the labeled substrate. If binding of the test ligand still permits turnover of the transporter (i.e., if the inhibitor is a substrate), then the intracellular labeled substrate can still exit and cell content of the radiolabel will decrease with time. Importantly, if binding of an inhibitory ligand prevents effective turnover of the transporter, then mediated efflux of the label is eliminated, indicating that the test compound is a nontransported inhibitor.
As a "proof-of-concept" for our modified CCF protocol, we determined the influence of extracellular unlabeled MPP on the efflux of preloaded [ 3 H]MPP. Figure 6 shows experiments that established the time and concentration dependence of [ 3 H]MPP transport using the CCF protocol. Figure 6A shows that steadystate accumulation of [ 3 H]MPP (ϳ12 nM) into hOCT2-expressing cells was achieved within ϳ30 min. In the experiment summarized in Fig. 6B 3 H]MPP. The rapid decline in the rate of loss of label from the cells reflected the anticipated inhibitory impact of increasing competition between labeled MPP and the increasing concentration of unlabeled substrate at the cytoplasmic face of OCT2. It also underscores the advantage of using a labeled substrate with a comparatively high affinity for the transporter, such as MPP for hOCT2, because it delays the inhibitory influence of the accumulated test compound on probe efflux. Figure 6C shows the effect of increasing the concentration of extracellular unlabeled MPP on the rate of [ 3 H]MPP efflux from preloaded cells. Neither 1 or 3 M MPP, concentrations well below the K t for MPP uptake (Fig. 1) , induced a significant loss of [ (Fig. 6) . However, the presence of 10 M MPP, equal to the K t for OCT2-mediated MPP uptake (Fig. 1) , and all concentrations greater than that, did stimulate a net loss of labeled MPP (Fig.  6 ). This trans-effect was consistent with the fact that MPP is a substrate for hOCT2. Efflux increased up to 100 M, but concentrations Ͼ100 M had no further stimulatory effect. In other words, increasing extracellular MPP beyond ϳ100 M was incapable of stimulating more efflux, due to the effective saturation of available OCT2 transporters by extracellular MPP. Figure 7 shows the effect of several additional known OCT2 substrates, TEA, metformin, and cimetidine, on the efflux of [ 3 H]MPP from OCT2-expressing CHO cells. The cells were exposed to a concentration of each agent equal to ϳ10 times the IC 50 value for that compound as an inhibitor of OCT2-mediated MPP uptake ( Table 1 ), concentrations that, for each compound, may be expected to occupy ϳ90% of available binding sites at the extracellular face of the transporter. As expected, each compound supported CCF because each has been shown to be a transported substrate of OCT2, in addition to being an inhibitory ligand (39) . Figure 7 also shows that, as expected, compounds that do not interact with OCT2 (glucose, mannitol, sucrose, and succinic acid) do not support CCF.
CCF of Inhibitory Ligands
CCF was used to determine whether ligands selected from the list of representatives for each OCT2 inhibitory cluster identified by Kido et al. (24) are also transported by OCT2. Carvedilol was the cluster I representative (long, flexible cations), and adrenosterone was the cluster III representative (noncharged heterotypic ring structures). Known transported substrates of OCT2 have the structural characteristics of the cluster II compounds (smaller, globular, cations), so we tested two representatives of this group of inhibitory ligands: diphenidol and phenyltoloxamine. The concentration of the unlabeled test compound was generally 10 times its IC 50 as an inhibitor of OCT2-mediated MPP uptake (because of solubility issues, the carvedilol concentration was limited to 4 times its IC 50 value). Figure 8 shows that none of these compounds supported a net loss of [ 3 H]MPP through CCF from OCT2-expressing cells. These data support the contention that these inhibitors of OCT2, including diphenidol and phenyltoloxamine, both members of the cluster II series of compounds described by Kido et al. (24) , are not transported substrates of OCT2.
Chemical Assessment of OCT2-Mediated Metformin and Diphenidol Transport
The failure of phenyltoloxamine and diphenidol to support CCF was unexpected; both have structural characteristics commonly found in compounds shown to be substrates for OCT2 (small, mildly hydrophobic, and cationic at physiological pH). Indeed, as noted earlier, both were included in this study because they were explicitly listed as "cluster II-inhibitory ligands," i.e., the class in which most OCT substrates are found (24) . The failure to support CCF is, of course, a "negative result." Therefore, it was desirable to get independent confirmation whether a "CCF-negative" ligand can, nevertheless, be a transported substrate. Unfortunately, neither compound is available in radiolabeled form, nor are they fluorescent. Consequently, we used direct chemical detection (using liquid chromatography with tandem mass spectroscopy) to determine the extent to which hOCT2 supports accumulation of diphenidol. To provide a "positive control," accumulation of metformin, a known substrate of OCT2 that does support CCF (Fig. 7) , was determined in parallel with the measurement of diphenidol accumulation. OCT2-expressing and wild-type CHO cells were exposed for 5 min to either metformin or diphenidol, in the presence or absence of 1 mM MPP. The concentration of each test substrate was set at its IC 50 value, which should be sufficient to drive OCT2-mediated transport at ϳ50% of its maximal value. As shown in Fig. 9 , OCT2 supported a robust accumulation of metformin that was blocked by 1 mM MPP to a level equal to that measured in wild-type CHO cells. In contrast, there was no inhibitable, OCT2-specific accumulation of diphenidol. 
DISCUSSION
Between 1964 and 1999, ϳ8% of the drugs approved by the US Food and Drug Administration were subsequently withdrawn from the US market (38) , underscoring the value of predicting unwanted DDIs as early as possible in the drug discovery process. Indeed, the influence of drug interactions at the level of membrane transport led regulatory agencies to issue guidance on conducting in vitro and clinical studies during drug development (30) , which, in turn, has led to development of decision trees to determine whether a drug candidate may be a substrate or inhibitor of key transporters commonly reported to be involved in DDIs (14) . The accuracy of such tools depends, ultimately, on understanding the underlying mechanism(s) of ligand interaction with the processes involved in drug transport.
Here, we assessed the mechanism of inhibitory interaction of selected ligands with the human ortholog of OCT2, the first step in renal secretion of many cationic drugs. In the absence of contrary evidence, it is frequently assumed, either explicitly (e.g., Refs. 2 and 50) or tacitly (e.g., Ref. 37) , that the inhibition of OCT-mediated transport produced by small cations is competitive. However, our observations indicate that such assumptions are unwarranted; we found examples of three distinct kinetic mechanisms of ligand interaction with OCT2: competitive, noncompetitive, and mixed-type.
Metformin and cimetidine are cluster II substrates of hOCT2 (e.g., Refs. 50 and 56) and were, in fact, competitive inhibitors of hOCT2-mediated MPP transport ( Fig. 4; Table 2 ). Indeed, one of the predictions of the subcluster analysis is that cluster II ligands should display "competitive binding" with hOCT2 (24) . Despite the substantial attention given to studies of OCT selectivity in recent years, there are comparatively few other examples of kinetically competitive interactions of ligands with OCT2 as assessed by determining the effect of the test agent on K t and J max of the transported probe. This criterion is important to establish because the other commonly applied test for competition between a transported substrate and an inhibitory ligand, the Dixon plot (1/J vs. [I]) (e.g., Ref. 29 and 55) , while capable of discriminating between competitive and noncompetitive interactions, does not discriminate between competitive and certain types of mixed-type inhibitory interactions (47) (we expand on this in an upcoming section). With this caveat in mind, cimetidine and the antimalarial drug pyrimethamine have been shown to be competitive inhibitors of hOCT2-mediated metformin transport (21, 27) ; cimetidine has been shown to competitively inhibit hOCT2-mediated TEA transport (5); and NMN has been shown to competitively inhibit rOCT2-mediated TEA transport (3) . Each of these individual interactions indicate that the ligand pairs in question share a common binding site or, alternatively, a set of mutually exclusive binding sites on a larger binding surface within the translocation pathway of OCT2.
The noncompetitive interactions seen here between adrenosterone and carvedilol and hOCT2-mediated MPP transport ( Fig. 5 ; Table 2 ) were, arguably, consistent with their presence within structural subclusters identified by Kido et al. (24) as being effectively free of known transported substrates of OCT2. Adrenosterone, an endogenous steroid hormone that has been promoted as a dietary supplement capable of reducing body fat and increasing muscle mass (8) , is a representative member of cluster III, which consists primarily of neutral sterols. It is relevant to note, therefore, that previous studies of corticosterone's inhibition of OCT2-mediated transport described behavior inconsistent with a competitive mechanism, including evidence of a noncompetitive mode of interaction (5, 52) .
Carvedilol was also a noncompetitive inhibitor of hOCT2-mediated MPP transport. Carvedilol, a nonselective ␤ blocker, is a cluster I-inhibitory ligand (24) . These compounds are distinguished from the cluster II and cluster III ligands by their size (MW generally Ͼ400) and flexibility (as characterized by their asphericity and comparatively large geometrical radii of gyration and second-order principal static moments). Of 18 known transported substrates of OCT2, none falls into the cluster I category, leading to speculation that cluster I ligands may act by occluding the substrate binding site (24) . That description, however, implies that cluster I compounds and OCT2 substrates may occupy mutually exclusive binding sites, a profile inconsistent with the noncompetitive profile observed for carvedilol.
The molecular basis of the noncompetitive inhibitory profiles observed here for adrenosterone and carvedilol is not clear. Adrenosterone is not charged, and carvedilol's pK a of ϳ8 would result in a substantial fraction (ϳ25%) being uncharged at physiological pH. Consequently, it is conceivable these compounds could diffuse across the membrane and exert an inhibitory interaction at the cytoplasmic (trans) face of OCT2 that could not readily be displaced by simply increasing the extracellular (cis) concentration of MPP. Just such a scenario proved to be the basis of the apparent noncompetitive profile of quinine's inhibition of rOCT2-mediated TEA transport (3). TEA is a prototypic cluster II substrate of hOCT2 (11, 16) , so it was somewhat unexpected to find that, along with diphenidol and phenyltoloxamine, TEA's inhibition of hOCT2-mediated MPP transport displayed a mixed-type, rather than a competitive profile ( Fig. 5 ; Table 2 ). As small, globular charged ligands, all three of these compounds would fall into cluster II, along with the other known substrates of OCT2 (24) . As noted earlier, the cluster II ligands cimetidine and NMN interact competitively with OCT2-mediated TEA transport, consistent with the view that these three compounds interact at a common binding site or, as noted earlier, a set of mutually exclusive binding sites within a larger binding surface. Based on the observation that a site-directed mutation in rOCT1 (D475E) changed the kinetics of transport of some (e.g., TEA and choline), but not all (MPP) substrates, Gorboulev et al. (17) suggested "that rOCT1 contains a large cation-binding pocket with several interaction domains." We subsequently found that a single site-directed replacement (E447L) altered the interaction of TEA and cimetidine with rbOCT2 but had no effect on the interaction MPP had with the transporter (54). These observations, along with others (see Ref. 26) , support the view that (some) ligands can bind simultaneously to OCT2 at sites that are spatially distinct. When these sites overlap one another, competitive (mutually exclusive) interactions are expected, consistent with the MPP-metformin and MPP-cimetidine interactions noted here, and with the metformin-cimetidine, metformin-pyrimethamine, TEA-cimetidine, and TEA-NMN interactions noted previously (3, 5, 21, 27) . However, ligand binding sites that are spatially distinct, but which exert an allosteric influence on one another, may display mixed-type inhibitor profiles of the type observed here for inhibition of hOCT2-mediated MPP transport by TEA, diphenidol, and phenyltoloxamine. Indeed, several studies have presented evidence supporting the presence of multiple binding sites for selected OCT ligands (18, 34) .
Mixed-type inhibition of the type seen here can reflect several types of ligand interaction, but they all involve simultaneous binding of substrate and inhibitor (or second substrate). The simplest interaction is one in which 1) binding of the inhibitor results in a complex that has reduced (although finite) affinity for substrate, but 2) the resulting transporter/ substrate/inhibitor complex does not support transport. 1 The equilibria describing this type of interaction (linear mixed-type inhibition or LMT) (47) are shown below
T o and T i indicate the transporter in its outwardly vs. inwardly facing conformations; S1 and S2 are two transported substrates (e.g., MPP and TEA); K t and K i are the Michaelis constants for interaction of S1 and S2, respectively, with the transporter; and ␣ is the factor by which K t (or K i ) changes (via allostery) when the other substrate binds to the transporter. In linear mixedtype inhibition, ␣ Ͼ 1 Ͻ ϱ (if ␣ ϭ 1, inhibition is "noncompetitive"; if ␣ ϭ ϱ, inhibition is "competitive"). Examination of this scheme reveals that during exposure to S1, if S2 is present, some of the transporter will be in the nontransporting T o S2 o S1 o form, even at infinitely high concentrations of S1, so J max-i will be less than J max . Also, any concentration of S2 will result in a fraction of the transporters available for interaction with S1 being in the lower affinity T o S2 o form, resulting in an increase in apparent K t . A key prediction of LMT inhibition is that increasing concentrations of S2 will result in complete inhibition of S1 transport; other schemes of mixed-type inhibition (e.g., hyperbolic mixed-type) or partial competitive inhibition are characterized by the inability of the inhibition ligand to completely block transport of S1 (47) . Thus it is relevant to emphasize that concentrations of TEA, diphenidol, and phenyltoloxamine Ͼ20-times larger than their respective IC 50 values reduced hOCT2-mediated [ 3 H]MPP transport to levels not different from that produced by similar concentrations of unlabeled MPP. In other words, hOCT2 does not appear to support "cotransport" of two bound substrates; when two substrates bind, translocation of one requires dissociation of the other.
Our evidence suggests that ligand interaction with hOCT2 can involve multiple, nonoverlapping sites, which has important implications with respect to the development of predictive models of drug-drug interaction with OCT2 and its role as the entry step in renal OC secretion. Structure-activity relationships are typically based on the degree to which a structurally diverse array of test compounds inhibits biological activity (e.g., transport). However, if ligands can interact with multiple sites it introduces the potential for "substrate-dependent" inhibitory profiles. Therefore, the profile of inhibitory interactions with hOCT2 reported here using MPP as a substrate might be expected to differ markedly had another substrate (e.g., TEA, or ASP) been used. Consequently, models of the spatial arrangements of structural features required for ligand interaction with multidrug transporters, i.e., pharmacophores, are likely to vary depending on the substrate used. This has been shown to be the case for P-gp (e.g., Refs. 13 and 41), and we recently presented evidence suggesting this is true for MATE1 (4). The present study argues for a more concerted effort to evaluate the kinetic mechanism of ligand interaction with OCT2, and other multidrug transporters, in efforts to develop robust, predictive models of drug binding to this critical element in renal OC secretion.
The present results showed that possession of cluster II structural characteristics is insufficient to ensure that a ligand will have a competitive interaction with other cluster II compounds. Importantly, they also showed that possession of such characteristics is insufficient to support predictions concerning the extent to which the ligand is itself a substrate for transport. As noted by Kido et al. (24) , known hOCT2 substrates are congregated in cluster II. Diphenidol and phenyltoloxamine were included in our study because of their designation as cluster II-inhibitory ligands of hOCT2 (24), and we were surprised to find that neither supported CCF. Adrenosterone and corticosterone also appear to be nontransported inhibitors of OCT2, but their cluster III characteristics are consistent with this observation. The antiretroviral drug nelfinavir is also a non-transported, high-affinity (IC 50 of 13 M) inhibitor of hOCT2-mediated MPP transport (22) , but its large size (MW 567) and weak charge (pK a of Ͻ7) make it a poor fit for a cluster II designation. Diphenidol and phenyltoloxamine, in contrast, are models of the structural characteristics of cluster II (24) . Their failure to support CCF was sufficiently unexpected that we used liquid chromatography with tandem mass spectroscopy to measure directly the effect of expression of hOCT2 on accumulation of diphenidol (Fig. 9) , with the results supporting the same conclusion: diphenidol (and, by extension, phenyltoloxamine) is not a transported substrate of hOCT2, despite general structural features that would seem to predict that it be.
CCF offers an important advantage over the "trans-stimulation" strategy more commonly used to test indirectly whether a compound can serve as a transported substrate. The transassay as commonly applied involves preloading the cells with a suspected substrate and then determining whether the presence of this outwardly directed gradient stimulates uptake of a labeled substrate (the alternative approach is to preload the cells with the labeled substrate and then measure efflux of the label following exposure to the test agent in the extracellular solution). In either case, a trans-stimulation of flux, although not "proof" that the test compound is a substrate (it could be an "allosteric stimulator"), is generally considered strong supportive evidence that it is (e.g., Ref. 12). However, failure to observe a trans-effect is not sufficient to conclude that the test compound is a not a substrate. A uniporter like OCT2 can undergo the conformational changes associated with translocation either when occupied by substrate or when "empty" (thereby accounting for the documented electrogenicity of OCT-mediated OC transport) (9) . Trans-stimulation only occurs if the "occupied" transporter undergoes these conformational changes more readily than the empty transporter. Although that may be "probable," such behavior is not assured. CCF makes no such assumptions. If an extracellular test agent can be transported, it will induce a net loss of substrate if the substrate is distributed at steady state.
There is a limitation to the use of CCF as an indirect measure of transport: it cannot provide a precise measure of the rate of test agent transport (because the rapid increase in intracellular concentration of the inhibitory agent can be expected to begin to reduce the rate of labeled substrate efflux with kinetics that are ill defined). With this caveat, we suggest that CCF can provide a means to establish a high-throughput assay capable of collecting data required to develop a predictive model of structural features that permit the ligand/transporter complex to undergo the conformational changes that result in successful substrate translocation.
In summary, ligand interaction with hOCT2 involves a complex array of kinetic mechanisms, including competitive, noncompetitive, and mixed-type mechanisms that are not apparent in selectivity assays based on simple inhibition of transport activity. In addition, using CCF, several compounds predicted to be transported substrates of hOCT2 based on their inhibition of hOCT2 were shown to be nontransported inhibitors. CCF is a comparatively simple assay capable of determining whether an inhibitory ligand is also capable of serving as a transported substrate, providing a potential means for developing models of the structural determinants required to support effective transporter turnover.
